In recent years many sets of experimental data have been obtained on radar reflections from the moon. After analyzing the results, workers tried to determine the scattering properties of the moon at radar wavelengths, and they concluded that rough-scattering laws could be ascribed to the surface. The available evidence no longer appears to support this view. This paper presents a theory based on the concept of a " quasi-smooth " scattering mechanism. The main contribution to a radar pulse is provided by a signal that is reflected as though it had come from a smooth body; superimposed on the return are the contributions from other specular areas whose orientation directs a signal back to the earth. These additional areas may take the physical form of mountains or craters (or parts thereof), and by considering the orientations required of them it is clear that the probability of finding a suitable area at a given distance from the center of the moon's surface will decrease with increasing distance. This fact is born out by the experimental data, which also indicate that the number of significant contri butions to the return is comparatively small (no more than ten or so). The moon can, therefore, be treated at radar frequencies as a smooth sphere from which a small number of pieces have been removed to leave facets directed toward the earth.
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(opposite) polarization when the aspect demands an odd (even) number of reflections. Thus, the very fact that the minima in the moon's return can be below the noise level shows that the moon has a reflection property in com mon with a smooth body. In view of these results, it is evident that the effective nulls are best ex plained by assuming that only odd or even numbers of bounces predominate in the return. Since there must obviously be a large single-bounce contri bution, it follows that the odd reflections are the major source of the signal. In particular, this requires that the contributions from double bounces be negligible, and strongly suggests that the bulk of the received energy results from single-bounce reflections. Such a statement, however, does not rule out the possibility that double bounces take place, but does imply that the cor responding energy is not usually returned to a receiver on the earth's surface.
These conclusions concerning the nature of the scattering process are in no way contrary to what is known about the moon's topography. To insist that the mere presence of mountains and craters demands a rough-scattering mechanism would also require that a three-sided corner reflector, one of whose sides was measured in millions of wavelengths, while the other two sides were only thousands of wavelengths in dimension, be regarded as a rough surface. In this example the smaller sides are analogous to the mountains on the moon and it is clear that the surface would behave as a smooth reflector. Similarly, a statistical roughness at optical frequencies demands only the existence of irregularities whose scale is measured in microns. A fine sandy surface could provide an appropriate type of rough ness, but might well appear smooth at radar frequencies [2] .
In the case of radar reflections from the moon, it is clear that there will be some return from mountains and craters superimposed on the smoothsphere signal. These additional contributions will be provided by any smooth areas of the moon suitably oriented to send a signal back to the earth; they could be of the same order of magnitude as the return from the main body of the moon. Since these are also specular in character, the word 4 * quasi-smooth " (rather than smooth) has been used to describe the effect of the moon's surface at frequencies in the meter and centimeter bands.
FAR-ZONE CRITERIA APPLIED TO THE MOON
An approximate criterion for applying far-zone considerations to (coherent) scattering from a finite two-dimensional body can be obtained by choosing an upper bound for the allowable variation in phase between the returns from individual parts of the surface (assumed perpendicular to the direction of propagation). If it is specified that this variation must be appreciably less than 7r/4 and if, in addition, the dimensions of the receiving antenna are much less than those of the scattering object, the condition becomes . where r is the range and 2a is the maximum dimension of the scatterer. From physical considerations it can be shown that this also holds for a threedimensional body of finite extent if the phase variation is measured as though the scattering were taking place at a plane through the body and perpen dicular to the direction of propagation. In other words, it is the body's maxi mum dimension, rather than its curvature, that places the more stringent condition on the application of far-zone theory.
If a is now identified with the radius of the moon and if the largest value of X is taken to be 5 x 10" 3 miles, the minimum range at which far-zone theory can be used is 0.8 x 10 9 miles. This is considerably greater than the moon's actual range (about 2.3 x 10 6 miles); thus ordinary antenna theory demands that any receiver on the earth be treated as being in the near zone of the moon.
A similar condition to equation (1) can be derived from the exact expres sion for the field scattered by a sphere on which a plane wave is incident. The expression is in the form of an infinite series of terms whose dependence on range is through spherical Hankel functions (and their first derivatives) of order v. The coefficients are functions of ka, where a is the radius of the sphere, and the summation extends over all (positive) integer values of v. If the series is now truncated at the term for which v = v 0 , the error which is incurred will be negligible providing Po>&a>l. Since the series then contains only a finite number of terms, the Hankel functions can be replaced by the first terms of their asymptotic expansions for large kr, and this process is valid if a condition that is in accordance with equation (1). It will be observed that this derivation pays attention to the amplitude as well as the phase, though it is the latter, of course, that is more important when r>0. Let us now consider a pulse scattered by a sphere of radius a at a distance r from the radar. If equation (1) is violated, then at least part of the received pulse will be determined by near-zone scattering laws. On the other hand, the initial part of the pulse of time length h can only correspond to reflection from the small initially irradiated portion of the sphere. The depth of this zone will be proportional to h and consequently, as h increases from zero, the radius of the illuminated area increases from zero to a maximum value a. If h is taken sufficiently small, the part of the pulse for time /</i must represent a far-zone return,, even though the remaining parts of the pulse still require a near-zone treatment.
It is relatively easy to calculate an upper bound for the time interval h during which far-zone theory can be applied to the moon. If equation (1) where c is the velocity of propagation in a vacuum; and by inserting the appropriate values for a and r it is found that ti is of the order of 1 micro second when X = 10 m, decreasing to 0.01 microseconds when X = 10 cm.
To appreciate the importance of this result in connection with the moon, it is convenient to consider the type of pulse that would be received from a perfectly smooth sphere of large radius a. There are two cases that have to be discussed. If the range r is such as to satisfy equation (1), the optical scattering cross section is
where R is the voltage reflection coefficient. For a dielectric sphere, this is the leading term in an exact asymptotic expansion proceeding in inverse powers of (ka) 2/3 , where k = 2n/X, and when ka is much greater than unity, equation (3) gives the cross section to a high degree of accuracy. The second case is that in which r violates equation (1). We now confine our attention to the far-zone portion of the returned pulse and providing the dimensions of the corresponding area on the sphere are large compared with the wave length, optics can again be used to give the scattering cross section of equa tion (3).
So much for the initial portion of the return. If the transmitted pulse length r exceeds ti, as will almost certainly be true in applications to the moon, let us measure time t from the instant a return is first received. During the interval 0</</i equation (3) is valid. Thereafter, a near-zone contribution will be superimposed on the far-zone return, but since the for mer is of a lower order of magnitude, the over-all level of the signal may be expected to remain essentially unchanged. This will continue until time t = r -f ti. For £>r -f ti no far-zone contribution is present, and the level of the return will be appreciably reduced, ultimately falling to zero. Never theless, the remaining near-zone contributions may persist for several milli seconds beyond time t = r -f h and this could well produce some of the pulse elongation observed in the case of the moon. PT. I
The above discussion has been based on the assumption of an entirely smooth moon, and it is clear that the magnitude of the reflection coefficient could be deduced from the initial part of a received pulse in spite of the fact that the moon as a whole is in the near zone. This is still true in a limited sense if the moon is quasi-smooth, though the picture then becomes more compli cated. Specular areas other than that in the center of the moon's face will now give rise to contributions and these will generally appear as " spikes " in the tail of the return. With very small values of r (a few microseconds only), the shape of the returned pulse during the interval 0</<r + /i will not differ appreciably from that for a smooth moon, since the far-zone contri butions from individual scattering areas are unlikely to overlap. But as r is increased, overlapping will begin to occur and ultimately, for large r, will have a major effect upon the return, particularly as regards its leading por tions. This will be discussed in a moment.
It is important to realize that even if the moon has large regions that are rough at the wavelength under consideration, the contributions from such regions will be of lower magnitude than those from any smooth areas, providing only that the dimensions of the smooth areas are large compared with the wavelength. A consequence of the roughness, however, is to decrease the rate at which the level of the received pulse falls off at the con clusion of the far-zone returns.
THE FORM OP THE REFLECTED PULSES
On the basis of the theory outlined in the preceding sections, it is possible to predict the general form of a pulse on its return from the moon, surface. To begin with, we shall neglect all disturbances produced by either the moon's motion or by the ionosphere, thereby ruling out the majority of the pulse-to-pulse variations.
On the whole, the energy in the pulse arises from single-bounce reflections at the moon's surface. The initial portion of the pulse is produced by reflec tion from a relatively small specular area in the center of the moon, and certainly the time at which the signal is received is consistent with this inter pretation. In rare cases the moon's aspect may be such that a locally rough patch is situated where the central specular area ought to be; the slope of the initial return will then be smaller and a specular contribution from an adjacent (smooth) area of suitable orientation will dominate the pulse. Simi larly, if a mountain were in the precise center of the moon, it would be the first part to give a return, and its different radius of curvature (or reflection coefficient) could lead to yet another variation in the " usual" form of the initial pulse shape.
Additional contributions will come from other specular areas whose orien tation directs a signal back to the earth. From a study of the moon's sur face it does not seem likely that there will be a large number of these regions and, indeed, the data given in [3] and [4] strongly suggest that the number of major scattering areas is of the order of ten or less. Moreover, by con sidering the required orientation of scattering areas at different positions on NO. 5 SENIOR / SIEGEL 35 the moon's surface, it is immediately obvious that the probability of an area occurring very far from the center of the moon will be comparatively small. As a result, the central region of the moon will be almost entirely responsible for the returned signal and the experimental evidence is in accordance with this. It is estimated that the region is less than one-third of the moon's radius in extent, which rules out any possible return from the moon's limbs.
The maximum pulse elongation is thereby reduced from 11 milliseconds to no more than 600 microseconds. The contributions from these specular areas will appear as " spikes" in the returned pulses, and further information about their location can be deduced from the data obtained by Yaplee et al. using 2-microsecond pulses. Each spike was found to have a width between 2 and 4 microseconds, and from visual observation of the echo, Yaplee concluded that the spacing be tween spikes was anything from 2 to 4 sjeconds. In view of the close agree ment between the width of the spikes and the transmitted pulse length, it is clear that each spike must be produced by a single specular reflection only. This is confirmed by the way in which spikes in the earlier portions of pulses tend to persist, some for as long as a second. If the spikes were due to constructive interference between the returns from many scattering areas, the libration of the moon would be sufficient to change the interference from one pulse to another, leading to spikes whose positions varied randomly from pulse to pulse. In the later portions of the pulses, however, the spikes do not show as much persistence, which can be explained by the more critical orientation of the corresponding scattering areas as a consequence of their greater displacement from the center of the moon.
The picture we now have is one involving several specular areas concen trated relatively near the moon's center. All these regions produce returns of approximately the same magnitude, which show up as spikes in the echo pulse, and for small values of r there is a one-to-one correspondence between the spikes and the specular areas. This enables us to determine the number of areas, and Yaplee's data indicate that there are usually only four or five major contributors. Their separation in depth on the moon's surface, as calculated from the time interval between spikes, is anything from i to 5 miles and their surface separation is 30 miles or greater.
The effect of these additional returns on the shape of an echo pulse will depend on the length of the transmitted pulse, and it is convenient to con sider separately the cases in which r is small (a few microseconds) or large (several hundred microseconds). For values of r equal to about 5 micro seconds or less, no two scattering areas will be directly illuminated at the same time and the individual specular signals will not then overlap. In partic ular, the initial portion of the return will be produced entirely by the spec ular area nearest the earth; since this is usually the main body of the moon (rather than a mountain), the corresponding spike (of width approximately equal to r) will often dominate the whole return.
Other specular areas at slightly larger distances from the earth will provide similar spikes, and the separation between them probably partially obscures PT. I the intervening nulls. As a result, these later spikes will appear to consti tute a tail to the pulse, but this is not the only source of pulse elongation. At all frequencies under consideration the moon is in the near zone of an an tenna on the earth; consequently a relatively large part of the moon will contribute to portions of the pulse at times f >fi, where h is as defined in section 2. This effect is completely independent of the additional specular returns. It would be present even if the moon were entirely smooth. Thus for h < t < r -f ti the near-and far-zone effects appropriate to a smooth moon will be superimposed, with the latter appreciably larger than the former, but when t > r -f h only the near-zone contributions remain, and their power decreases rapidly with increasing t. The spikes characteristic of the later specular reflections will be on top of this tail, and they will serve to raise considerably the power that the tail would otherwise contain.
In the past, the main objection to smooth-moon theory has been based on the feeling that this type of scattering process could not account for the pulse elongation. As stated above, a tail will be produced by a combination of near-zone effect and secondary reflections, but since the duration of the tail will be more or less independent of r, it is not very apparent when pulse lengths of the order of one millisecond are employed. With short pulses, however, the elongation is a major feature of the return and, for example, Trexler culminates in a narrow peak of width approximately equal to t\. Although this " blip " may or may not be significant, the main lobe has a width closely equal to the pulse length r, corresponding to the time during which far-zone effects are present. Thereafter, only the near-zone contribution remains and it falls away rapidly with increasing time, disappearing beneath the noise in a time of 150 microseconds. Superimposed on this decreasing return are the expected contributions from specular areas away from the moon's center.
With increasing length of transmitted pulse, it becomes possible for more than one specular return to be present at the same time, and for sufficiently large r there will be portions of the echo pulse to which all the specular areas contribute. The data obtained by Trexler [3] indicate that this occurs if r is greater than about 300 microseconds, and it is of interest to consider the type of return to be expected under these circumstances. The initial major portion of a returned pulse again corresponds to reflection from the specular area nearest the earth and, to begin with, only this signal is present. When / becomes greater than a few microseconds a further signal will appear, corresponding to the next specular area to be illuminated by the incident pulse, and this will interfere with the first. More and more of these returns will come in as / increases, and the constructive and destructive interference between them will produce a pulse having maxima and minima of a random nature. As a result, the mean level of the echo will increase with time, the actual growth law depending upon the distribution of scattering areas over the surface of the moon and upon the relative magnitude of their individual contributions.
For />r, the specular areas that were first illuminated no longer provide returns. The near-zone effect (as for a smooth moon) now assumes impor tance, though the specular areas that are still illuminated will continue to yield contributions that interfere with one another. As t increases even further, the power level in the return decreases and, ultimately, the pulse will cease to be detectable.
In many respects the complete pulse is similar to that obtained when r was small. In particular, the level of the initial part of the significant return is the same in both cases, as is the length of the tail (measured from time t = r). On the other hand, the initial return no longer dominates the pulse and the maximum power is achieved at a time t ~ r, corresponding to the illumination of all the majc>r scattering areas. A further difference lies in the interpretation of the peaks. The various maxima and minima are now produced by interference and, with the exception of the first and last spikes, cannot be associated with individual scattering areas. Consequently, the posi tions of the peaks can only be determined by statistical considerations and the motion of the moon will cause them to change from pulse to pulse. Moreover, the number of maxima no longer equals the number of scattering areas.
One important feature of these pulses is the way in which the mean power in the return increases with increasing /. It is greatest when / ~ r, with the peak return also occurring at about this time. The variation in the maximum received power as the pulse length is changed has been considered by Trex ler [6]. He found that for r>300 microseconds approximately, an increase of r was no longer accompanied by an increase in power, and that pulses of this length are therefore sufficient to realize the peak power obtainable with a cw system. The reduction in the maximum which accompanies the use of shorter pulses has been called "modulation loss," and by comparing the results of experiments in which pulses of different lengths were used, Trexler was able to determine values for the modulation loss (relative to a cw return). Some of these have been communicated by Youmans [7] and show a modu lation loss that increases from 1 db for r = 200 microseconds, through 8.5 db at 30 microseconds, and 17 db at 10 microseconds, to 22 ±: 2 db at 2 micro seconds. The number of points is not enough to determine accurately the shape of the curve for small values of r, but it would appear that the loss PT. I is effectively constant for r<5 microseconds approximately. With pulses of this duration, the contribution from the first scattering area is isolated from all the rest.
So far in this section, attention has been confined entirely to idealized pulses, which are unaffected by either the moon's motion or the ionosphere. The type of scattering is such that the most significant contributions to the return are produced by relatively small areas on the moon; hence this motion will affect the shape of the received pulses. In particular, the moon's libration will show up as systematic variations in the shape of the tail and, in rare cases, the leading edge of the pulse may also be modified. A study of the pulses should therefore reveal a periodic fluctuation corresponding to the libration, and a fading rate of about 9c/s, which has been observed in the data, has been ascribed to this cause. The ionosphere also will produce' a variety of effects, among which may be listed the variations due to diurnal changes in ionization and to the presence of stray clouds of high ionization density. In addition, the Faraday rotation will lead to periodic fluctuations in the signals received on any one linear polarization. This explanation has been used to account for fades occurring about every two minutes in data obtained at 488Mc/s [8] .
All these effects tend to mask some of the finer detail in the returns, but in spite of this it is believed that important information about the nature of the moon's surface can be derived from a careful study of the received pulses. In particular, it is possible to determine the reflection coefficient of the specular area nearest the earth and, hence, to calculate the electrical constants of the surface. For this purpose, we recall that the leading edge of the pulse is provided entirely by a specular reflection from the above-mentioned area. If r is relatively large, it is difficult to measure this contribution alone, since the pulse is dominated by later peaks formed as a result of interference between many returns of a similar type. For small values of r, however, the first specular contribution shows up as an initial spike distinct from the rest of the pulse and, since it will usually dominate the other contributions, it is possible to measure the corresponding power with reasonable accuracy. This fact, combined with the greater regularity of the shorter pulses, makes it desirable that only pulses of a few microseconds' duration be employed in any analysis of the moon's surface. Even with such pulses it is still neces sary to select those in which the expected initial peak is present and which have not been seriously distorted by influences external to the moon; if this is done, the peak power can be used to calculate the reflection coefficient.
A SIMPLIFIED FORMULA FOR THE REFLECTION COEFFICIENT
Calculating the electrical constants of the moon's surface from measure ments of the moon's return is most easily carried out by a simplified formula for the reflection coefficient, in which the main wavelength dependence is made explicit.
Since the radius of the moon is very much greater than the wavelength 
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The expression for the optics scattering cross section is now available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0074180900050518 PT. I a = naKO + VD*) ,
where a is the mean radius of the moon. In carrying out the analysis leading up to equation (9) several assumptions have been made, which require further explanation. Given the basic assump tion that specular reflection takes place (some of the evidence for this has been discussed in section 1), it follows that the radius of curvature in a region surrounding the specular point must be large compared with the wavelength. This in turn justifies the use of a plane slab* to determine an expression for R, and since the distance of the moon from the earth is very much larger than the maximum separation of a transmitter and receiver on the surface of the earth, the transmitted field can be treated as a plane wave incident normally on the specular area. Equation (9), however, involves the additional assumption that the radius of curvature is equal to the mean radius of the moon. It is obvious that this may not be true if, for example, the main reflection takes place from a crater, a situation that could arise at particular aspects. In such cases the level of the initial portions of the received pulses will be reduced,t and this suggests that the measured powers to be inserted into equation (9) should be based upon pulses selected for their regular shape and maximum initial rise. If this procedure has not been followed, as may well be the case with the values of a that have already been published, the use of the mean radius in equation (9) must remain a possible source of error.
In the comparison of equation (9) with the experimental data it is natural to assume that constant values of C and D can be used to represent t;he averages of these quantities over the appropriate frequency range. For the materials of which the moon's surface is composed, it is probable that e, M, and 5 do not vary rapidly as a function of frequency; but as the wavelength increases, so does the depth to which the incident field penetrates below the surface. The effective reflection takes place at a lower level as A increases, and if the surface layers of the moon are not homogeneous, or if they are stratified, the assumption of a uniform slab in the derivation of R will not be valid. Unfortunately, it is difficult to distinguish a change of material with depth from a frequency variation of e, M, and s for a single substance by using measurements of power only.
Finally, there is the assumption that the moon's surface is primarily dielectric in behavior at the frequencies under consideration. This is certainly true for sufficiently small A but, as ^ -> «>, equation (4) shows that IR |*->1, whereas equation (6) would predict an infinite value. The precise wavelength at which the approximations break down depends upon the values of e, /*, and s and, consequently, the validity of the approximations in the present instance NO. 5 SENIOR / SIEGEL 41 can only be judged after these parameters have been determined. This will be done in the next section.
THE ELECTRICAL CONSTANTS OF THE MOON'S SURFACE
The value of e, u, and s will now be determined from equation (9) using measured values of the scattering cross section a. For this purpose the following data are available: In interpreting the data, an essential factor is the pulse length. Whereas the measurements at 10 cm were carried out with pulses of 2-and 5-microseconds' duration, all the others are based on the analysis of cw (or very long pulse) returns, and this accounts for the significantly higher values of the scattering cross section in (iii)-(vii).
The first of the above values of a was obtained by Yaplee et al. [2] at a frequency of 2860 Mc/s with 2-microsecond pulses; the bccond is due to the Royal Radar Establishment [10] and is for 5-microsecond pulses. The third and fourth measurements were made by Blevis [1] and Fricker et al. [11] at frequencies of 488 and 413 Mc/s, respectively, using cw systems. The fifth is due to Trexler [3] and has been deduced from his statement that the cw transmission loss is 258 db when calculated on the basis of isotropic transmit ting and receiving antennas. The two values given for a in (v) and (vi) are for a moon at perigee and apogee respectively. The sixth result is the average obtained from many cw measurements made at or near to a frequency of 200 Mc/s. It has been stated by Trexler [3] as a transmission loss of 254 db, but it is of interest to note that Trexler himself found an additional loss of 17 db when using 10-microsecond pulses at 198 Mc/s. This reduction in power is, of course, the modulation loss. The last value of o was obtained by Evans [12] using 30-millisecond pulses and is a refinement of that originally measured by Browne et al. [13] .
In addition to the above, there is a " summary measurement" which indi cates the general dependence of the cross section on wavelength. From a review of the data available to him, Trexler [3] states that for frequencies between 20 Mc/s and 300 Mc/s, the average cw transmission loss increases at a rate of 6db per octave, passing through the value 258 db at 300 Mc/s. Ref erence to the radar equation shows that this implies a constant cross section and hence requires that D be zero.
As previously remarked, the values of a given in (iii) through (vii) were determined from either cw, or long-pulse, returns; as such they are measure-PT. I ments of the power contributed by many individual scattering areas. To calculate a valid reflection coefficient, however, it is necessary to know the power associated with one of these areas alone, and this is only the peak return in the case of very short pulses. It is obviously desirable to restrict the analysis to data obtained with such pulses, but since the number of the §e experiments is relatively small, it becomes necessary to take advantage of all the existing data. To do this, "correction factors" will be applied to the scattering cross sections to reduce them to the values appropriate to microsecond pulses. Using Trexler's figure for the modulation loss associated with a pulse of duration 5 microseconds or less, the modified data is then as follows: The phase change on reflection which is implied by these parameters can be determined from equation (4) and the curve is shown in Fig. 3 .
Having calculated e and s, it is possible to test the validity of the approxi mations leading up to equation (6), and by direct computation of | R | 2 using equation (4), it can be shown that the approximate formula is accurate to within one per cent over the required range of A. Although the curve does not precisely fit the experimental data, the agreement is sufficient to support the theory by which it was obtained. Moreover, the values for e and 5 are in accordance with the hypothesis that the moon's surface is composed of fine sandy material.
b. COMMUNICATION VIA THE MOON
The possibility of using the moon as a means of communication between widely separated points on the earth has been largely responsible for the current interest in its scattering properties at microwave frequencies. As early as 1954 it was shown by Trexler [3] that frequency-modulated pulses could be transmitted in this way and, indeed, voice communication at a fre quency of 220Mc/s was successfully carried out.
A major factor in the design of such systems is the need to obtain re ceived pulses of a regular and con sistent shape with the minimum of frequency distortion. If the moon were to behave as a rough scatterer, a more regular return could be pro duced by using increasingly large wavelengths, the ultimate limit being given by the cut-off frequency of the ionosphere. On the other hand, a smooth-scattering mechanism implies that the leading edge of the pulse will suffer less frequency distortion at the shorter wavelengths, since the con tributing area on the moon is then smaller. This is particularly true for very short pulses. With this fact in There are several other advantages attached to high frequencies. As the frequency is increased, the ionospheric effects are drastically reduced. Under this heading may be grouped the disturbances due to meteor trails and the Faraday rotation of the plane of polarization. The latter shows itself as a systematic fading of a linearly polarized signal and can, if necessary, be avoided by using circular polarization. The rotation, however, decreases with increas ing frequency and is considerably less than one degree at 10,000 Mc/s.
Originally it was felt that the reflection coefficient of the moon would fall off appreciably at high frequencies, and this was one reason why wavelengths of the order of a meter were suggested for communication systems. It has now been shown that the reduction is relatively small (no more than 3db), and since the power gain of an antenna of given size is proportional to ^~2, a significant increase in the returned power can be achieved by decreasing the wavelength.
All these considerations favor the highest possible frequencies. Probably the only limit is provided by oxygen and water-vapor absorption. The moon return would be about 10~1 3 watts, giving a signal-to-noise ratio of about 10 db with a receiver having a noise figure of 11. The information rate could be as large as that attained during transmission bursts with meteorscatter systems, but now, of course, uninterrupted transmission is possible for as long as the moon is visible to both the transmitter and the receiver.
CONCLUSIONS
The theory of a quasi-smooth moon was arrived at from a study of many sets of experimental data, and it is felt that the pulse shapes and power returns can be satisfactorily explained on this basis, as can their polarization dependence. The initial part of a received pulse takes on a particular signi ficance, in that it consists entirely of a specular return. Moreover, only one specular area contributes toward it, and if pulses of very short duration are employed, the contribution shows up as a peak, which can be distinguished from the remainder of the pulse. This enables power measurements to be employed to determine the electromagnetic constants of the relevant portion of the moon's surface; the values so obtained lend credence to this method.
The accuracy of the existing data is not really sufficient to justify a guess NO. 5 SENIOR / SIEGEL 45 at the actual materials that make up the specular region of the moon's surface. Consequently, it is desirable that further measurements be carried out to improve the accuracy, paying particular attention to the power contained in the initial part of the pulse. The use of very narrow-beam antennas would further localize the area of the moon's surface that contributes to this portion of the return. In addition these results can be applied to the design of communication systems that employ scattering from the moon. After considering the factors affecting such a system, it is possible to conclude that appreciable advantages are attached to using the highest possible frequencies, the ultimate limit being provided only by the increasing atmospheric absorption at wavelengths of a few centimeters.for using geometric optics in reflection from a plane mirror. Qualitative consideration of Fresnel diffraction theory suggests that the optical approach is entirely justified, even for radio reflections from a perfectly spherical re flecting mirror of the size and distance of the moon.
The echoes in fact show that all parts of the return, including the initial pulse, suffer Rayleigh fading, and may be considered as coming from many small areas between which there is no coherence. The criteria applied by Siegel and Senior for different types of diffraction theory can therefore have no relevance.
Senior and Siegel [submitted at the request of the editor]: Dr. Smith com ments on two quite separate points. The first is concerned with scattering by a perfectly conducting smooth sphere, and his point appears to be that simple Fresnel theory is adequate to analyze a returned pulse.
It is certainly true that for the scattering of a plane wave by a sphere, Fresnel theory would predict the leading term of the asymptotic expansion of the exact solution as given in equation (3). The theory, however, cannot be accepted as proving the presence (or otherwise) of a tail in a returned pulse. An example is provided by the axially symmetric scattering by a perfectly conducting paraboloid. The exact (pulse) solution shows that a returned pulse has no tail, whereas Fresnel theory applied to the exact Kirchhoff-Huygens integral would suggest that the successive zones on the paraboloid give con tributions to the pulse whose amplitude decays slowly only with increasing time. In this case, Fresnel theory would appear to predict a tail whose ex istence is denied by exact theory. In short, Fresnel theory is of doubtful validity in any discussion of the tail in a returned pulse, and it is improbable that Fresnel himself would have sought to use it in such circumstances.
The comments in Dr. Smith's second paragraph are based on his hypothesis that the moon behaves as an essentially rough reflector at radar wavelengths. This is not in accordance with the results in, for example, the paper of Yaplee and his colleagues.
